ABSTRACT Environments contaminated with mixtures of chlorinated hydrocarbons represent a formidable challenge for bioremediation because biodegradation of all components of the mixture must be demonstrated. In this study a soil site contaminated with hexachloro-1,3-butadiene (HCBD), hexachlorobenzene (HCB), and perchloroethene (PCE) was investigated. Environmental parameters (including toxicity) and microbial community composition were characterized. The lack of scientific literature on HCBD biodegradation led to attempts to develop HCBD-respiring enrichment cultures and to test the hypothesis that known PCE-degrading cultures could dechlorinate HCBD. No HCBD dechlorination was observed. An alternative approach, using electron shuttles to degrade the mixture of chlorinated hydrocarbons, was compared with the activity of zero-valent iron. The authors conclude that electron shuttles offer promise for the in situ treatment of mixtures of chlorinated hydrocarbons.
INTRODUCTION
Chlorinated hydrocarbons represent a large group of chemical compounds with a broad spectrum of uses owing to their unique profiles of polarity, vapor pressure, stability, and bioactivity. Unfortunately, the widespread application and accidental release of chlorinated hydrocarbons, in combination with the very same properties that make them useful (insolubility, volatility, recalcitrance, and toxicity), threatens human and environmental health around the world.
Chlorinated hydrocarbons have played a prominent role in the evolution of the plastic manufacturing industry. Previously, solvents and plastic manufacturing processes generated waste streams of chlorinated hydrocarbons that were contained with varying degrees of success. Although improvements in manufacturing processes have eliminated waste streams, there remains a global legacy of chlorinated hydrocarbon-contaminated environments and stockpiles derived from the production of solvents and plastics. In Australia, stockpiled by-products of the solvent manufacturing industry include mixtures of hexachloro-1,3-butadiene (HCBD), hexachlorobenzene (HCB), and tetrachloroethene (PCE).
This study explores remediation options for ashy sand contaminated by leaking drums storing such a mixture.
A combination of features of the site make it an interesting case study for the exploration of remediation options. Firstly, as a result of the 45,000-m 3 site being situated close to residential areas, an in situ remediation solution is desired by the community, the government regulator, and the industry. Secondly, the contaminants are at high concentrations, suggesting that the contaminant matrix is highly toxic. Thirdly, and most importantly, the contaminant profile is mixed.
PCE has been the subject of countless abiotic and biological investigations into its in situ degradation, thereby becoming a mainstay of the bioremediation industry (Lee et al., 1998; Smidt and de Vos, 2004) . Similarly, the degradation of HCB has received extensive attention and is listed in the Stockholm Convention. In contrast HCBD, although widely distributed globally, appears rarely in the abiotic or biological degradation literature (Booker and Pavlostathis, 2000; Bosma et al., 1994) .
In this study, we have investigated factors limiting the biological degradation of HCBD, HCB, and PCE in a contaminated soil matrix through characterization of environmental parameters and the indigenous microbial community. Further, we have attempted to produce enrichment cultures of HCBD-respiring organisms and tested the hypothesis that known PCE-dechlorinating organisms could dechlorinate HCBD. Finally, the utility of an electron transfer mediator (cyanocobalamin) for the dechlorination of this mixture of perchlorinated compounds in the ashy sand matrix was compared with that of zero-valent metals.
MATERIALS AND METHODS

Characterization of Soil
Soil samples (200 g) were collected at 50-cm intervals over an area of 4 m 2 at depths of 0, 1, and 2 m. To quantify chlorinated hydrocarbons in the soil, triplicate subsamples (1 g) were spiked with 1 mg of 1,3,5-tribromobenzene as an internal standard, extracted with ethyl acetate, and analyzed by gas chromatography/mass spectrometry (GC/MS). The GC/MS analysis was performed on a Hewlett Packard 5890/5972. The capillary column employed was a DB-17 30 m × 0.25 mm (internal diameter) × 0.25 μm (stationary-phase film thickness) column. The inlet was operated in splitless mode and its temperature was maintained at 300 • C. The column temperature was maintained initially at 50 • C for 1 min and ramped to 250 • C at 15 • C/min. A constant carrier gas (He) flow was maintained at 1 ml/min. The MS was operated in scan mode and covered the mass range of 45 to 440 amu. The transfer line between the GC and the MS was maintained at 300 • C.
To quantify relevant ions in the soil, 10-g samples (dry weight) were extracted with 45 ml of distilled water at 60 • C by vortexing for 30 s and shaking at 150 rpm for 1 h. Samples were then centrifuged to remove bulk particulate matter and filtered to remove bacteria and other microbes. Samples were analyzed for cations using a GBC SDS270 inductively coupled plasma atomic emission spectrometer. Anion concentrations were determined by ion chromatography (IC) using a Waters 510 HPLC pump with a 2-ml sample loop, a Waters IC Pak ion-exchange column, Waters 430 Conductivity detector, and Waters 484 ultraviolet (UV) detector. Ammonia was quantified using Merck Reflectoquant tests strips. Extraction efficiency was determined to be 75%. The average standard deviation of replicates was 14% of the mean.
Luminescent Biosensor Toxicity Assessment
The toxicity of the extractable soil constituents to bacteria was determined by ROTAS (Cybersense, UK) according to the manufacturer's instructions. Briefly, soil samples (5 cm 3 ) were extracted with 10 ml of methanol or water in a polypropylene syringe. Supernatants were filtered through a 0.45-μm PTFE (polytetrafluoroethylene) filter and 50 μl was added to an aliquot of Vibrio fischeri cells rehydrated from a freezedried state 50 min before testing. The luminescence response of the samples was measured before and 15 min after addition of the soil extract and reported as a percentage of an untreated control.
Microbial Community Characterization
The bacterial community in the soil was characterized through a combination of culturing and molecular techniques. To analyze cultivable heterotrophic diversity, diluted soil suspensions were plated on defined (M9 minimal medium with 0.4% glucose) (Sambrook, 1998) and undefined (tryptic soy agar) medium and incubated for 1 week under aerobic conditions at room temperature. DNA was extracted from cultured colonies and used to identify unique isolates by denaturing gradient gel electrophoresis (DGGE) before obtaining partial 16S rRNA gene sequences as described below. To analyze total community diversity, crude DNA extracts were prepared from multiple 0.5 g soil samples as previously described (Watanabe et al., 1998) . Crude DNA extracts were pooled and added to a caesium chloride solution in TE buffer (10 mM TrisHCl, 1 mM EDTA, pH 7.5) to obtain a final buoyant density of 1.98 g/ml. Samples were centrifuged at 200 000 × g for 42 h at 20 • C in a fixed-angle TLA 100.3 rotor on a Beckman TL-100 ultracentrifuge. Density gradients were fractionated and purified DNA was recovered by precipitation of gradient fractions with two volumes of 30% (w/v) polyethylene glycol 6000 (Sigma) dissolved in 1.6 M NaCl.
For amplification of the V3 region of the 16S rRNA gene for DGGE, forward primer 338F with a 41-bp GC clamp (Muyzer et al., 1993) and 519R were used ( Table 1 ). The conditions for PCR and DGGE have been described previously (Muyzer et al., 1993) . PCR amplification of the 16S rRNA gene of the isolates and community was performed using universal primers 43F and 1525R, yielding a 1500-bp fragment (Lane, 1991) (Table 1) . For detecting the presence of known dechlorinating bacteria, primers specific for Dehalococcoides, Dehalobacter, and Desulfitobacterium were used to amplify a fragment of their 16S rRNA gene by polymerase chain reaction (PCR) (see Table 2 ). A nested PCR approach to increase specificity and sensitivity was used for samples which showed no products in the initial PCR assay (Hendrickson et al., 2002; Löffler et al., 2000) . The PCR conditions used have been described previously (Bunge and Lechner, 2001; Hendrickson et al., 2002; Lévesque , 1997) . DNA from Dehalococcoides ethenogenes strain 195 (S. Zinder, Cornell University), Dehalobacter restrictus (DSM no. 9455), and Desulfitobacterium hafniense (DSM no. 12704) was used as positive controls. PCR products from SSU rRNA genes were cloned into pCR4-TOPO using the TOPO TA Cloning kit (Invitrogen). Plasmids were extracted from clones containing the appropriate sized insert using the QIAprep miniprep kit (Qiagen) and sequenced using fluorescent Big Dye v3.1 and primers T3 and T7 for the forward and reverse strands of the inserts. Sequences were initially verified and assembled with Sequencing Analysis v5.1.1 (Applied Biosystems) and BioEdit v7.0.5 (Ibis Therapeutics). Alignment and construction of phylogenetic trees was performed using ARB (Ludwig et al., 2004) . A maximum likelihood method to estimate evolutionary distance was applied with all gaps and unidentified positions eliminated. Bootstrapping (× 1000) was performed to assign confidence levels to the nodes of the tree. The 16S rRNA gene sequences consisting of 17 isolates and 34 clones are available under the GenBank accession numbers EF173315 to EF173365.
Enrichment Cultures
Enrichment cultures inoculated with sediment from a local estuary and the contaminated soil under investigation were fed with HCBD to select for dechlorinating microbial consortia. The enrichment cultures consisted of 60 ml of basal mineral medium (Cole et al., 1994) and 1.5 mM cysteine-HCl. HCBD (1 mM; Aldrich) and a variety of electron donors (acetate, butyrate, ethanol, formate, glycerol, glucose, methanol, propionate, and hydrogen) were added at 3-week intervals. The pH was
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In Situ Remediation of Perchlorinated Compound Contamination adjusted to 7.2 by addition of HCl after the medium was cooled to room temperature under a constant stream of N 2 gas. The enrichment cultures were prepared in 120-ml serum bottles (Wheaton) capped with butyl rubber stoppers (Bellco Glass) and sealed using aluminium crimp caps (Sigma) under anaerobic conditions and incubated, shaking at 25 • C.
Pure Culture Tests
Three dehalorespiring bacteria Sulfurospirillum multivorans (DSM no. 12446), Sulfurospirillum halorespirans (DSM No. 13726), and a mixed culture containing Dehalococcoides ethenenogenes strain 195 were tested for HCBD dechlorination. The Sulfurospirillum and Dehalococcoides bacteria were cultivated in anaerobic medium described previously (Holliger et al., 1993; MaymoGatell et al., 1995) . The Sulfurospirillum cultures were fed with 40 mM pyruvate whereas the Dehalococcoides culture was fed with a mixture of ethanol (175 mM), emulsified vegetable oil (21 mM), and acetate (263 mM). The inoculation of pure culture into each treatment was performed in an anaerobic chamber (Mk3 satellite work station, DW scientific). PCE degradation was confirmed by the appearance of the PCE breakdown intermediates trichloroethene and 1,2-cis-dichloroethene. PCEdegrading subcultures were amended with 500 μM HCBD and monitored for 48 days for HCBD breakdown intermediates.
Zero-Valent Iron Tests
To test the impact of zero-valent iron on HCBD adsorbed to the soil matrix, contaminated soil samples were homogenized by sieving and dried at room temperature. Portions of the soil (20 g) were then mixed with 10 ml of distilled water in 120-ml serum bottles, which were degassed in a vacuum and purged with N 2 gas to establish anoxic conditions. HCBD (25 mg) was added to and mixed thoroughly. Slurries were treated with iron nanoparticles ( Joo et al., 2005) . Soil slurry samples (2 ml) were extracted in 4 ml of hexane for GC/MS analysis as above. Chloride ion concentration was measured in 1 ml supernatant samples by a colorimetric assay (Bergmann and Sanik, 1957) .
Electron Shuttle Tests
To test the impact of electron shuttles to the target compounds adsorbed to the soil matrix, 20-g samples were treated with 45 mM lactate, 35 mM acetate, 50 mM diammonium hydrogen phosphate, 2 mM cobalt chloride, 100 mg mixed liquor suspended solids, and 300 μM cyanocobalamin in 50-ml serum bottles in triplicate. Control vessels were established with cyanocobalamin omitted. Samples were incubated at 30 • C under anaerobic conditions for 4 weeks, with 1-g subsamples taken for ethyl acetate extraction and analysis by GC/MS after 3 and 4 weeks, respectively.
RESULTS
Environmental Characterization of the Contaminated Soil
Over a 25-year period, the site under investigation displayed very limited evidence of natural attenuation (unpublished data). To determine whether this was due to environmental constraints, the soil matrix was subject to quantification of the primary contaminants, pH, moisture content, and relevant ions. GC/MS analysis of organic extracts of the soil indicated that the contaminants vary widely in concentration, with HCBD being the most abundant (HCBD: 1104 mg/kg; HCB: 51 mg/kg; PCE: 31 mg/kg). The moisture content of the soil is 12% (w/v) and the pH of the soil is neutral. With respect to essential nutrients, the average ammonium ion concentration in the soil is less than 5 mg/kg and the average phosphate ion concentration is 11 mg/kg. With respect to ions that might compete with chlorinated hydrocarbons as electron acceptors, the average nitrate concentration is less than 2 mg/kg and the average sulphate concentration is 93 mg/kg.
Testing Soil Toxicity Using a Luminescent Biosensor
In order to test whether the high concentration of HCBD in the soil is toxic to bacteria, organic and aqueous extracts of soil samples were tested in a biosensor assay based on the bioluminescence reaction of the marine symbiont V. fischeri. Whereas organic extracts of the soil were found to inhibit the luminescence output of the biosensor, aqueous extracts of the soil had no impact on the sensitive light producing reaction (Figure 1 ). In addition to this, the light output of the biosensor displayed a negative linear correlation (R 2 = .92) to concentrations of HCBD in the soil between 100 and 1000 mg/kg.
A. Low et al.
116 
Bacterial Community Characterization
To gain insight into the degradative capacity of the bacterial community indigenous to the contaminated soil and to look for adaptations of the community to chlorinated hydrocarbons, a combination of culturebased and molecular methods were used to characterize the community. Fifty clones containing near full-length SSU rRNA genes were screened for redundancy and sequenced revealing 29 unique phylotypes (Figure 2 ). Twenty-five isolates were sequenced revealing an additional 17 unique phylotypes (Figure 2) . Most of the isolates belong to the Bacilli (59%) and Alphaproteobacteria (35%) classes. The clone library revealed a richer diversity with sequences belonging to the Alphaproteobacteria (38%), Acidobacteria (7%), Betaproteobacteria (38%), and the Gammaproteobacteria (14%). The closest relatives in the database to 8 of the 46 sequences obtained where from other polluted environments. Of these eight, five were associated with environments containing chlorinated compounds.
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Molecular Detection of Known Dechlorinating Bacteria in Environmental Samples
In addition to retrieving sequences using universal primers for bacteria, specific primers targeting genera with known dechlorinating representatives were used. PCR products of expected size were formed using Dehalococcoides specific primers (Hendrickson et al., 2002) . Three sequence types were obtained from 20 clones showing 98% to 100% similarity to existing Dehalococcoides sequences over a 419-bp stretch encompassing the variable sequence region 6. Table 2 summarizes the base pair differences.
The first sequence type was the most common recovered (90% of all clones) and is identical over this region to the Cornell sequence subgroup, which contains Dehalococcoides ethenogenes strain 195 (Seshadri et al., 2005) . The second sequence type is identical to the Pinellas sequence subgroup, which contains Dehalococcoides sp. CBDB1 (Kube et al., 2005) . The third sequence type did not correspond to any of the previously described sequence subgroups, differing at three positions in variable sequence region 6 from all sequences found in GenBank. No PCR products were obtained from uncontaminated sandy soil sampled beside the contaminated site using Dehalococcoides-specific primers.
PCR products of expected size were also produced using Dehalobacter-specific primers (Bunge and Lechner, 2001 ) and sequencing of cloned products confirmed the presence of Dehalobacter species in the soil with 99% similarity over the 803-bp region amplified. Although PCR products of expected size were generated using Desulfitobacterium specific primers (Lévesque et al., 1997) , cloning and sequencing of the 830-bp products revealed that they were most closely related to sulphate reducing members of the Desulfurospirillum and Desulfosporosinus genera. This suggests that the site does not harbor Desulfitobacterium species. 
Enrichment Culture and Pure Culture Degradation Tests
To test the hypothesis that PCE-respiring bacteria are also able to degrade the structurally related compound HCBD (Figure 3) , pure cultures were fed with PCE and subsequently HCBD. PCE degradation was evident after a week from decreases in PCE concentration and increases in trichloroethene and dichloroethene concentrations. After 48 days, HCBD breakdown products were not observed in subcultures containing HCBD. The same assay was carried out for enrichment cultures derived from the contaminated soil but no degradation of HCBD was observed.
Abiotic Degradation Hexachloro-1,3-butadiene
To establish a reference point for the rate of biological dechlorination of HCBD, the utility of zero-valent iron for dechlorination of this contaminant in soil was assessed. Soil slurries were treated with nanoparticulate iron and analyzed over time for chloride ion release and changes in the chlorinated hydrocarbon profiles (Figure 4 ). Whereas HCBD concentration was largely unchanged in untreated controls, a decrease to 9% of the initial reading was observed in treatments after 19 days. PCBD, TCBD, and TriCBD were detected in treatment vessels with concentrations increasing over time. Low levels of PCBD and TriCBD were detected in control vessels but this did not increase over time. Chloride ion concentrations were constant over time in untreated controls whereas they increased almost threefold in the treatments.
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Degradation of Mixed Perchlorinated Compounds Using Electron Shuttles and Activated Sludge
To test whether the mixture of chlorinated compounds in the contaminated soil could be dechlorinated using electron shuttles, soil samples were treated with lactate, activated sludge, and cyanocobalamin in anaerobic microcosms. After 3 weeks, GC/MS analysis revealed the production of the HCBD breakdown product TCBD and the PCE breakdown product trichloroethene with average peak areas 48% and 31% that of the parent compounds at time 0, respectively. No other breakdown products were observed. After 4 weeks PCBD and DCBD were also detected ( Figure 5) , with peak areas 9% and 20% that of the peak area for HCBD at time 0. There were no HCB breakdown products observed. In control microcosms, which did not contain cyanocobalamin, no HCBD or HCB breakdown products were observed. After 4 weeks, the PCE breakdown product trichloroethene was observed in control microcosms.
DISCUSSION
The contaminated site under investigation represents a challenging context for in situ biological remediation. The primary limitations to successful bioremediation
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In Situ Remediation of Perchlorinated Compound Contamination of chlorinated hydrocarbons are that the site is aerobic, low in nutrients, and contaminated with a mixture of chlorinated hydrocarbons at high concentrations. Given that the nutrient and redox potential limitations can be resolved with existing engineering knowledge, we have focused here on the challenge of dealing with complex contaminant profiles at potentially toxic concentrations.
To assess the toxicity of the site we used a commercially available toxicity audit system that has not previously been applied to chlorinated hydrocarboncontaminated environments. The bioluminescencebased bacterial monitoring system was responsive to HCBD extracted from soil with an organic solvent in a linear fashion from 100 to 1000 mg/kg. The system did not respond to HCBD below 100 mg/kg and the response was saturated above 1000 mg/kg. Given that the system can be used on-site, it represents a convenient and cost-effective means of detecting soil area hotspots where chlorinated hydrocarbons are present above 100 mg/kg. The fact that aqueous soil extracts did not have an impact on the luminescence assay indicates that the chlorinated hydrocarbons under investigation will not be toxic to bacteria in the aqueous microenvironments that they inhabit and therefore not limit biodegradation. This assertion assumes that the mechanisms underlying light production in V. fischeri are more sensitive to chlorinated compounds than the mechanisms underlying reductive dechlorination. It should also be noted that the observed lack of toxicity equates to a limitation of biological availability.
To further assess the impact of the contaminated environment on the indigenous microbial community, we used a combined culturing and molecular approach. Forty-four sequences were retrieved from the combined approach. At the Class level the diversity of the site is typical of uncontaminated soil environments, further supporting the claim that the high level of contamination with a mixture of chlorinated compounds has not adversely affected bacterial populations commonly found in soil (Axelrood et al., 2002) . None of the sequences retrieved from isolation were found in the clone library and vice versa, fortifying the notion that a combination of cloning and culturing unveils more diversity than either approach alone. Typically, the culturing approach was biased towards the Bacilli. Unusually, there was also a culture-based bias towards the Alphaproteobacteria rather than the Gammaproteobacteria (Axelrood et al. 2002) .
Five of the sequences retrieved (MKC3, MKC5, MKC8, MKC21, and MKC24) were most closely related to Alphaproteobacteria and Betaproteobacteria sequences found in other chlorinated hydrocarboncontaminated environments (Abulencia et al., 2006; Yoshida et al., 2005) . This indicates that chlorinated hydrocarbon-contaminated environments are, to some degree, through an unknown mechanism, selecting for characteristic bacterial communities. Because PCRbased techniques using universal primers only detect the most abundant populations in a sample, the influence of chlorinated hydrocarbons must have an impact on a substantial proportion of the community. No sequences corresponding to known chlorinated hydrocarbon-respiring bacteria were found using universal primers. This suggests that the environment sampled is selecting more effectively for chlorinated hydrocarbon-tolerant bacterial lineages than those that can generate energy through reductive dechlorination.
Using primers specific for known dechlorinating organisms, sequences relating closely to the Dehalococcoides and Dehalobacter genera were retrieved. This environment is therefore able to support organisms dependent on energy from dechlorination, but apparently not at a level relevant to the natural attenuation bioremediation process. The presence of sequences matching the Cornell and Pinellas sequence subgroups, which harbor PCE-and HCB-dechlorinating organisms, respectively, suggests that the site requires biostimulation for degradation of these compounds. Further, this finding extends the biogeographical distribution of these subgroups beyond Northern America and Europe to the Eastern coast of Australia. No sequences matching the Victoria sequence subgroup were found (Hendrickson et al., 2002) . The discovery of Dehalococcoides sequences with 3 bp in the variable sequence region 6 unique to our samples suggests that there may be an additional sequence subgroup that has evolved in Australia. Attempts to culture cells harbouring these sequences are underway.
The degradation of mixtures of chlorinated hydrocarbons represents a great challenge to bioremediation. The conventional paradigm underlying bioremediation involves linking individual species or strains with the dechlorination of specific parent or daughter compounds. The transfer of years of research on the dechlorination of chlorinated ethenes by isolates from the Dehalococcoides genera into the bioremediation industry is perhaps the most successful example of this paradigm in action. But for every additional pollutant at a site, a similar research effort is required, and this reduces the applicability of bioremediation to sites with mixtures of chlorinated hydrocarbons. Clearly, if a single compound out of a mixture cannot be degraded, then bioremediation is not a feasible remediation option.
The use of electron shuttles to facilitate the transfer of electrons from microbes to chlorinated hydrocarbons represents an alternative paradigm. When using electron shuttles, the specific enzyme-based relationship between an organism and the compound it can dechlorinate is decoupled and replaced by two more promiscuous relationships. The first being between an organism and the shuttle, and the second being abiotic in nature between the shuttle and the target compound.
Given that electron shuttles can be reduced by a multitude of microbes and that shuttles can reduce a multitude of chlorinated hydrocarbons, we tested the approach on the contaminated soil under investigation here. Whereas there was clear evidence of cyanocobalamin-mediated reductive dechlorination of HCBD and PCE after 4 weeks, there was no evidence of HCB dechlorination. Four weeks may not have been a long enough incubation period to detect HCB dechlorination by cyanocobalamin, with reducing power derived from microbes. This suggests that multiple electron shuttles may need to be employed or that shuttles may need to be deployed in combination with microbes known to dechlorinate remaining recalcitrant compounds.
Although the electron shuttle approach presented here was not competitive when measured against the use of zero-valent iron, the potential for treatment of mixtures of chlorinated hydrocarbons in soil is clear. Future research must focus on identifying cost-effective electron shuttles that can be reduced by available sources of microbial biomass and can in turn reduce target compounds. In view of the cost of tailored microbial cultures and the difficulties associated with delivering zerovalent metals, the use of electron shuttles has a bright future.
